Application of the cardiolipin (CL)-specific fluorescent dye 10-N-nonyl-acridine orange has recently revealed CL-rich domains in the septal regions and at the poles of the Bacillus subtilis membrane (F. Kawai, M. Shoda, R. Harashima, Y. Sadaie, H. Hara, and K. Matsumoto, J. Bacteriol. 186: [1475][1476][1477][1478][1479][1480][1481][1482][1483] 2004). This finding prompted us to examine the localization of another phospholipid, phosphatidylethanolamine (PE), with the cyclic peptide probe, Ro09-0198 (Ro), that binds specifically to PE. Treatment with biotinylated Ro followed by tetramethyl rhodamine-conjugated streptavidin revealed that PE is localized in the septal membranes of vegetative cells and in the membranes of the polar septum and the engulfment membranes of sporulating cells. When the mutant cells of the strains SDB01 (psd1::neo) and SDB02 (pssA10::spc), which both lack PE, were examined under the same conditions, no fluorescence was observed. The localization of the fluorescence thus evidently reflected the localization of PE-rich domains in the septal membranes. Similar PE-rich domains were observed in the septal regions of the cells of many Bacillus species. In Escherichia coli cells, however, no PE-rich domains were found. Green fluorescent protein fusions to the enzymes that catalyze the committed steps in PE synthesis, phosphatidylserine synthase, and in CL synthesis, CL synthase and phosphatidylglycerophosphate synthase, were localized mainly in the septal membranes in B. subtilis cells. The majority of the lipid synthases were also localized in the septal membranes; this includes 1-acyl-glycerol-3-phosphate acyltransferase, CDPdiacylglycerol synthase, phosphatidylserine decarboxylase, diacylglycerol kinase, glucolipid synthase, and lysylphosphatidylglycerol synthase. These results suggest that phospholipids are produced mostly in the septal membranes and that CL and PE are kept from diffusing out to lateral ones.
The bacterial cell membrane is usually viewed as a matrix in which membrane protein and lipid molecules are homogeneously distributed according to the widely known fluid mosaic model based on the diffusional mobility of membrane lipids (53) . However, in recent years, extensive work has shown that bacterial membranes have laterally heterogeneous distribution of lipid molecules (recently reviewed by Dowhan et al. [11] ), similar to eukaryotic membranes (13, 32, 37, 52) . The existence of heterogeneities in the lateral distribution of phospholipids and glycolipids was first revealed by a photo-cross-linking experiment in the membrane of the gram-positive bacterium Micrococcus luteus (60) . The use of lipophilic fluorescent probes has visualized the uneven distribution of lipid domains in mycobacterial membranes (4) . In Escherichia coli membranes, application of the lipophilic fluorescent styryl dye FM4-64 has suggested laterally uneven distribution of phospholipids (16) . A study with pyrene-labeled phospholipid analogues has supported the heterogeneous distribution, suggesting a segregated distribution of phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) domains in bacterial membranes (59) . Staining with the cardiolipin (CL)-specific fluorescent dye 10-N-nonyl-acridine orange (NAO) has provided unequivocal visualization of CL-rich domains in E. coli membranes, which were located mostly in the septal regions and at the poles (33, 34) . We have used NAO staining to visualize CL-rich domains in Bacillus subtilis Marburg membranes and have shown that the CL-rich domains are localized clearly in the septal regions and at the poles (22) .
Membranes of B. subtilis undergo dynamic rearrangements, which include formation of the polar septa and engulfment and forespore membranes during the sporulation process in addition to the rearrangements that occur during cell division in vegetative growth. CL, in the presence of certain divalent cations, and PE have a propensity to form nonbilayer structures, 
.UDP-glucose diacylglycerol glucosyltransferase
a Names of genes and functions of their products were from de Mendoza et al. (8) and Kawai et al. (22) . The function of yfiX is from our unpublished data (see Materials and Methods).
which may introduce discontinuities in the bilayer membrane structure for dynamic membrane functions such as membrane fusion during cell division, formation of adhesion sites between the outer and the inner membranes, integration of proteins into the membrane, and stabilization of membrane proteins (10) . Observations of mutant strains lacking either one of the phospholipids and the impossibility of constructing a viable mutant strain lacking both of these phospholipids (6, 7, 29, 38, 48, 51) suggest that the capacity to form nonbilayer structures in E. coli is required for proper cell function. In B. subtilis, a specific role of CL in the membranes during the sporulation process is suggested by the delay in the development of the spore in mutant cells lacking CL (22) . Since B. subtilis mutants lacking PE have no phenotype (30) , no specific role for PE has been identified yet. This is probably attributable to the complex lipid composition of B. subtilis membranes; the major lipids consist of the glucolipids (mono-, di-, and triglucosyldiacylglycerol), glycerophosphoglucolipid, and the lysine ester of PG (lysyl-PG), in addition to the common bacterial phospholipids, PG, CL, and PE (8, 15, 30) . The majority of the genes of the enzymes responsible for lipid synthesis have been sug- (8, 23) , and the verification in vivo is now in progress for the purpose of genetic analysis ( Table 1) . The successful localization of CL-rich domains in the membranes in B. subtilis cells (22) and the suggested lateral heterogeneity of lipid molecules in bacterial membranes prompted us to examine the localization of PE with the specific cyclic peptide probe Ro09-0198 (Ro) that has previously been used for the localization of PE at the cleavage furrow of dividing CHO-K1 cells during cytokinesis (13) . Here we report that B. subtilis cells contain PE-rich domains in the polar septal membranes and in the engulfment and forespore membranes during the sporulation phase as well as in the membranes of medial septa during the vegetative growth phase. Using green fluorescent protein (GFP) fusions, we demonstrate that the enzymes involved in phospholipid synthesis are also localized in the septal membranes. We suggest further that phospholipids are produced mostly on the septal membranes but that CL and PE are kept from diffusing to lateral membranes.
(A preliminary report of this work was presented at the 75th Annual Meeting of the Genetics Society of Japan, Sendai, Japan, September 2003.)
MATERIALS AND METHODS
Media and bacterial growth. Luria-Bertani (LB) broth contained 1% tryptone (Difco, Detroit, Mich.), 0.5% yeast extract (Difco), and 1% NaCl. PE-deficient mutant strains of E. coli were grown in LB medium supplemented with 50 mM MgCl 2 (48 (50) , was used for cultivation of B. subtilis cells. Synthetic media CI and CII were used for competence development (2) . When required, the following supplements were added to the media (per liter); 50 mg of ampicillin (Sigma), 20 mg of neomycin (Wako Pure Chem, Tokyo, Japan), 100 mg of spectinomycin (Sigma), or 0.3 mg of erythromycin (Sigma). The growth of bacteria was monitored by measuring turbidity with a Klett-Summerson photoelectric colorimeter (no. 54 filter). For solid media, 1.5% agar (Difco) was included.
Bacterial strains and plasmids. B. subtilis Marburg and E. coli K-12 strains and plasmids used in this study are listed in Tables 2 (Table 4 ). For construction of a GFP fusion to the N terminus of a gene product, a sense primer that creates an in-frame fusion at the 5Ј end of each gene to the 3Ј-end multicloning site of gfp on pSG1729 and an antisense primer at a position downstream of the termination codon, both with a unique restriction endonuclease recognition sequence, were designed. For construction of a GFP fusion to the C terminus of a gene product, an antisense primer that creates an in-frame fusion, by altering the 3Ј end sequence of each gene, to the 5Ј end multicloning site of gfp on pDHCMGFP and a sense primer at an upstream position of the initiation codon were designed. pSG1154 (26) , which allows fusion of gfp to the 3Ј end of a gene of interest under the control of Pxyl, was used to construct ClsA ϩ9 -GFP, that is ClsA with a GFP fused to its C terminus through a 9-amino-acid-residue linker. pMm2 (56) , which allows fusion of gfp to 3Ј end of a gene, was also used to construct strains harboring the fused gene that produces PssA-GFP and ClsA-GFP under the control of its own promoter. When either the GFP-ClsA gene (Pxyl-gfp-clsA) or the ClsA ϩ9 -GFP gene (PxylclsA ϩ9 -gfp) was introduced into the amyE locus of strain SDB206, which lacks CL (22), both resultant strains produced CL after the addition of the respective inducers. Both GFP-ClsA and ClsA-GFP were thus functional. The gene yfiX was assigned to lysyl-PG synthase from the lipid analysis of the strain SDB013 harboring Pspac-yfiX (K. Misawa, H. Hara, and K. Matsumoto, unpublished data). The gene was a homologue of mprF from Staphylococcus aureus (45) ; thus, yfiX is renamed mprF. When the GFP-MprF/YfiX gene (Pxyl-gfp-mprF/yfiX) was integrated into the amyE locus of SDB014 (mprF/yfiX::tet), which lacks lysyl-PG, the resultant strain synthesized lysyl-PG after induction. GFP-MprF/YfiX was thus functional. The gene ugtP/ypfP was assigned to UDP-glucose diacylglycerol glucosyltransferase (21; K. Komori, H. Hara, and K. Matsumoto, unpublished data). When the GFP-UgtP gene (Pxyl-gfp-ugtP) was integrated into the amyE locus of the strain KP261 (ugtP::neo) (46), the resultant strain synthesized glucolipids after xylose induction. Thus, GFP-UgtP was functional. UgtP-GFP, however, was not functional.
Fluorescence microscopy. For localization of PE, cells were fixed, digested briefly with lysozyme as described previously (44), and then treated with biotinylated Ro (13), followed by incubation with streptavidin conjugated with tetramethyl rhodamine (Molecular Probes Co.) as follows. Cells of wild-type and PE-deficient mutants of B. subtilis and of gram-positive bacterial strains were grown in DSM and harvested (1-ml culture) in the late exponential growth phase and in the sporulation phase at stages T2 and T4. Cells of wild-type and PE- ) and the cells of the mutant strains lacking PE, SDB01 (psd1::neo) (A-2) and SDB02 (pssA10::spc) (A-3), were cultivated in DSM at 37°C and harvested in the early stationary phase to visualize PE. The cells were fixed in 4.4% (wt/vol) paraformaldehyde, washed with PBS, applied onto poly-L-lysine-coated microscope slides, washed with PBS, and treated with lysozyme (2 mg/ml). The slides were incubated in 0.5% (wt/vol) BSA-PBS containing 2 g of biotinylated Ro/ml for 20 min, washed, incubated in BSA-PBS containing 5 g of tetramethyl rhodamine/ml conjugated with streptavidin for 30 min, then washed, and subjected to microscopic observation. Fluorescence images were taken using a G-2A filter unit (510-to 560-nm excitation and 590-nm emission) as described in Materials and Methods. Corresponding phase-contrast images are also shown. Exposure times for fluorescence and phase-contrast images were 0.35 and 0.025 s, respectively. (B) PE-rich domains in sporulating B. subtilis cells. Wild-type B. subtilis 168 cells were cultivated in DSM at 37°C. Cells were harvested in the late exponential growth phase (B-1), and the sporulation phase at T2 (B-2), T3 (B-3), and T4 (B-4). The cells were fixed and processed to visualize the localization of PE as described above. Corresponding phase-contrast images are also shown. Exposure times for fluorescence and phase-contrast images were 0.35 and 0.025 s, respectively. deficient mutants of E. coli were grown in LB medium and LB medium containing 50 mM MgCl 2 (48) , respectively, and harvested (1-ml culture) in the late exponential growth phase. These cells were fixed in 4.4% (wt/vol) paraformaldehyde--28 mM Na-PO 4 (pH 7.4) (100 l) for 20 min at room temperature, washed three times with PBS (phosphate-buffered saline containing [per liter] 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na 2 PO 4 , 0.24 g of KH 2 PO 4 [pH 7.4]), and applied onto poly-L-lysine-coated microscope slides. For E. coli, the cells were incubated in 0.1% Triton X-100-PBS for 15 min before application. The cells on the slides were washed twice with PBS, treated with lysozyme (1 to 2 mg/ml) in 100 l of GTE (50 mM glucose, 20 mM Tris-HCl [pH 7.5], 10 mM EDTA), for 15 to 45 s (for B. subtilis) or for 1 min (for E. coli) at room temperature, washed three times with PBS, and allowed to dry completely. After rehydration with PBS, the samples on slides were blocked for 20 min with 2% (wt/vol) bovine serum albumin (BSA) in PBS and then incubated in 0.5% (wt/vol) BSA-PBS containing 2 g of biotinylated Ro/ml (13) for 20 min at room temperature. The slides were washed five times with PBS (for B. subtilis) or 0.05% Tween-PBS (for E. coli), incubated in 0.5% (wt/vol) BSA-PBS containing 5 g of streptavidin/ml conjugated with tetramethyl rhodamine for 30 min at room temperature, washed five times with PBS (for B. subtilis) or 0.05% Tween-PBS (for E. coli) again, and subjected to microscopic observation. With no fixation, the cells easily lose their rigid form and bulge out even after brief lysozyme treatment (15 s). The cells in the rigid form, though there were not many in the samples, showed essentially the same pattern of Ro localization as that with the fixation. This indicated that the paraformaldehyde fixation did not affect the pattern of localization. For colocalization of CL, NAO (Molecular Probes Co.) at a final concentration of 1 mM was directly added to the washed slides. After incubation at room temperature for 20 min, the cells were washed and subjected to microscopic observation.
Fluorescence images were viewed with an ECLIPS E600 fluorescence microscope (Nikon) and a cooled charge-coupled device camera (ORCA-ER; Hamamatsu Photonics Co., Hamamatsu, Japan). Fluorescence from tetramethyl rhodamine (excitation at 555 nm; emission at 580 nm) and fluorescence from FM4-64 (excitation at 510 nm; emission at 626 nm) were detected with a G-2A filter unit (510-to 560-nm excitation and 590-nm emission). Green fluorescence from GFP and from NAO (excitation at 495 nm; emission at 525 nm) was detected by using a standard GFP(R)-BP filter unit (460-to 500-nm excitation and 510-to 560-nm emission). To minimize the toxicity of high-energy excitation light, the focus was set under phase-contrast conditions and then fluorescence images were captured shortly after the shift to high-energy excitation light. The exposure time for tetramethyl rhodamine was 0.1 s, and that for green fluorescence of GFP and NAO was 5 to 7 s and 0.2 to 0.8 s, respectively. Captured images were processed with Adobe Photoshop, version 6.0. The relative intensities of tetramethyl rhodamine fluorescence were quantified by using NIH Image (Scion, version 4.02).
Deconvolution microscopy was carried out with the ECLIPS TE2000-U fluorescence laser microscope system C1 (Nikon). An argon laser (at 488 nm) was used to detect tetramethyl rhodamine conjugated with streptavidin. Raw data from between 7 and 9 optical z-axis sections (0.1-m intervals) were collected and deconvoluted with the Metamorph software (Universal Imaging Co.). Captured images were processed as described above.
Lipid analysis. Mutant and wild-type cells cultivated in DSM broth (50 ml) containing an appropriate inducer were harvested during the late exponential phase, and lipids were extracted by the method of Lacombe and Lubochinsky (24) with minor modifications (22) . The method incorporated the following acidic treatment into the method of Ames (1) . The harvested cells were suspended in 0.9 M perchloric acid in 1% NaCl and incubated at 0°C for 30 min, followed by the addition (1.88 ml to 0.5 ml of cell suspension) of chloroformmethanol (1:2 [vol/vol]). The mixtures were then subjected to the extraction procedure of Ames (1) . Lipid fractions were separated by thin-layer chromatography on silica gel (no. 60; Merck, Darmstadt, Germany) with chloroformmethanol-acetic acid (65:25:10 [vol/vol/vol]). Phospholipids were visualized by uniform spraying with Dittmer-Lester reagent (9) . Glucolipids were visualized by spraying with orcinol reagent.
RESULTS
Septal localization of PE-rich domains in B. subtilis membranes. We have previously found CL-rich domains in the septal regions and at the poles of B. subtilis cells by using the CL-specific fluorescent dye NAO (22) . This finding directed our interest toward the possible localization of other phospholipid domains, since it has been suggested that lipid molecules are heterogeneously distributed in several bacterial membranes (11) . We thus examined the localization of PE on the membranes with the specific probe Ro (13) . After fixation with paraformaldehyde followed by a brief lysozyme digestion, cells were treated with biotinylated Ro and then with streptavidin conjugated to tetramethyl rhodamine. The florescence of tetramethyl rhodamine was observed mainly in the septal region (including those parts of the lateral membranes close to the septum) (Fig. 1A-1 ). Low-intensity fluorescence was also observed in spots on the polar and lateral membranes. The relative intensity of the fluorescence of the septal region compared to that of the lateral membrane was an average of 6.5 and ranged from 3 to 10 (values obtained from 7 randomly selected cells). This indicates that the relative intensity of the fluorescence of the septum, which contains two cytoplasmic 1A-2 and A-3) . Thus, the localization of the fluorescence reflected the localization of PE on the septal regions of cell membranes.
We then examined the localization of PE in sporulating cells. In the sporulation phase, the B. subtilis cell membranes undergo dynamic rearrangements. Two hours after cessation of logarithmic growth (stage T2), the polar septal membrane is produced, the membrane leads to engulfment of the forespore during next stage (T3), and then, at stage T4, the cortex coat starts to accumulate on the forespore membranes. CL is localized in these sporulation-specific membranes of dynamic rearrangements (22) . The fluorescence of PE in the cells cultivated in DSM was localized in the polar septal regions at stage T2 and in the engulfment and forespore membranes at later stages of the sporulation phase (Fig. 1B) . At a much later stage, forespore membranes showed no fluorescence (Fig. 1B-4) , probably because biotinylated Ro and/or streptavidin conjugated with tetramethyl rhodamine could not get through the thick cortex layer of the spore coat to the cytoplasmic membrane. The localization of PE was then compared with that of CL. Late-logarithmic-growth-phase cells were processed for paraformaldehyde fixation and treated with biotinylated Ro and streptavidin conjugated to tetramethyl rhodamine, followed by NAO treatment. In most cells, the localization in the septal band of red fluorescence of PE overlapped well with that of the green fluorescence of NAO, i.e., CL (Fig. 2) . This pattern of distribution of NAO fluorescence is essentially the same as that of the cells without fixation (22) , showing that the paraformaldehyde fixation does not change the distribution of phospholipids. Cells stained with NAO but not with Ro were observed occasionally, probably due to ineffective lysozyme treatment.
To investigate whether E. coli cells have similar PE-rich domains or not, the cells of wild-type strains W3110 and MC4100 were fixed, digested briefly with lysozyme, treated with biotinylated Ro, and subjected to microscopic observation. The florescence was distributed uniformly over cell membranes with no apparently intense regions (Fig. 3A-1) . When null pssA cells lacking PE (48) were treated in the same way, no fluorescence was observable (Fig. 3A-2) , showing that the fluorescence on the cell membranes of the wild-type E. coli is an indication of the distribution of PE. Assuming that the apparently uniform localization may be an artifact of the large amount of PE (as much as 70% of total phospholipids is PE in
FIG. 3. Distribution of PE-dependent fluorescence in E. coli cells. (A) Analysis with mutant cells lacking PE and cells with a reduced PE content. Wild-ype E. coli strain W3110 (A-1), strain GN10 lacking PE (A-2), strain UE81 (A-3)
, and strain S107 (A-4) cells were cultivated in LB containing MgCl 2 to the early stationary phase. UE81 (⌬pssA10::cat ParaBAD-pssA) cells were cultivated in the absence of L-arabinose to reduce PE content to ca. 20% of total phospholipids. S107 (pssA1) cells were cultivated at 42°C to reduce PE content to ca. 30%. These cells were harvested and processed to visualize PE as described in the legend to Fig. 1 . Corresponding phase-contrast images are also shown. Exposure times for fluorescence and phase-contrast images were 0.45 and 0.035 s, respectively. (B) Analysis with deconvolution microscopy. Wild-type E. coli strain W3110 (B-1 and B-2) and B. subtilis 168 strain (B-3) cells were treated with Ro and processed as described in Materials and Methods. The processed samples were subjected to deconvolution microscopy with the ECLIPS TE2000-U fluorescence laser microscope system C1 (Nikon). Nine (E. coli) and seven (B. subtilis) optical z-axis sections (0.1-m intervals) were collected as raw data and deconvoluted with Metamorph software. The resulting images were processed with Adobe Photoshop, version 6.0.
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wild-type cells) (51) and that, in case of scarcity, PE may occur first in regions requiring it most, we examined cells with reduced PE content. Strain S107 (pssA1) reduces its PE content to ca. 30% of total phospholipids after it has been heated to a restrictive temperature (42) . UE81 (⌬pssA10::cat ParaBADpssA) reduces its PE content to ca. 20% in the absence of L-arabinose (H. Hara, A. Ito, and K. Matsumoto, unpublished data). Both types of cells with reduced PE content, however, showed a uniform distribution of fluorescence (Fig. 3A-3 and A-4), suggesting that PE is uniformly distributed over the whole cell membrane in E. coli. Even after deconvolution, with nine rounds of integration of z-axis sections (0.1-m intervals), almost uniform distributions of fluorescence were observed with wild-type E. coli W3110 cells (Fig. 3B-1 and B-2), though B. subtilis cells showed quite clear septal localization after deconvolution ( Fig. 3B-3) . Next, we looked for PE-rich domains in other gram-positive bacteria. Similar treatment revealed PE-rich domains in septal regions of many Bacillus species, including Bacillus amyloliquefaciens 203 (formerly, Bacillus megaterium 203), Bacillus polymyxa IAM1189, and Brevibacillus brevis IAM1031 (data not shown). In the cell membranes of Corynebacterium glutamicum IAM12435, Lactobacillus casei IAM1045 and IAM10062, Lactococcus lactis IAM1198 and IAM12092, and S. aureus IAM1011, which are lacking PE (15, 47) , no fluorescence was detected (data not shown). We conclude that PE-rich domains in the septal membranes may be a common feature of grampositive bacteria having PE.
Septal localization of phosphatidylserine synthase, phosphatidylglycerophosphate synthase, and CL synthase in B. subtilis membranes. The septal localization of both PE-and CL-rich domains directed our interest to the subcellular localization of the enzymes involved in PE and CL synthesis. The committed step in PE synthesis in B. subtilis is catalyzed by phosphatidylserine synthase (PssA, the gene product of pssA). Its reaction product, phosphatidylserine, is then decarboxylated to form PE (10, 29, 30, 43) . CL synthase (ClsA, the product of clsA) and phosphatidylglycerophosphate synthase (PgsA, the product of pgsA) catalyze the committed steps for the synthesis of these anionic phospholipids, respectively (22, 29, 51 ; unpublished data). For microscopic analysis with GFP fusions, the following strains were constructed. The strains with the genes of PssA and ClsA with a GFP fusion at the C terminus, PssA-GFP and ClsA-GFP, respectively, the expression of which was controlled under their own promoters, were constructed by using pMm2. The strain expressing GFP fused to the C terminus of PssA, PssA-GFP, under the control of PcitM, was constructed by using pDHCMGFP. The strains expressing GFPs fused to the N terminus of PgsA and ClsA, GFP-PgsA and GFP-ClsA, respectively, under the control of Pxyl promoter, were also constructed by using pSG1729. The strain expressing GFP fused to the C terminus of ClsA, with a 9-amino-acid-residue linker, ClsA ϩ9 -GFP, was constructed by using pSG1154. In each case, the plasmid DNA having the fused gene under the control of PcitM or Pxyl was inserted into the amyE locus of the wild-type chromosome. These fusion products were functional (see Materials and Methods).
When PssA-GFP was induced, with 0.5 mM citrate, the fluorescence of PssA-GFP was localized to the septal region ( Fig. 4A-1) . Even with no inducer or at a low concentration (0.1 mM), PssA-GFP was localized on the septal membranes. The pattern of septal membrane localization with 1.5 mM citrate was essentially the same as that for the low concentrations (data not shown). The fusion PssA-GFP produced under its own promoter was obviously localized on the septal membrane, though the intensity of the fluorescence was low (Fig.  4B-1 and B-2) . The septal localization is, therefore, an intrinsic characteristic of the enzyme. Possible lateral distribution of PssA-GFP was then examined by inspecting the cells lined up according to their length (as many as 200 of the cells were examined), and we could not find any specific fluorescent foci of the GFP fusion showing the possible predivisional sites on lateral membranes (data not shown). Thus, PssA-GFP was not localized in predivisional sites in predivisional cells in the logarithmic growth phase.
When GFP-PgsA was induced with various concentrations of xylose (from 0.01 to 0.3%), the fluorescence of GFP-PgsA was localized exclusively on the septal membranes ( Fig. 4A-2 shows that obtained with 0.1% xylose.). GFP-ClsA induced with 0.1% xylose was also localized on the septal membranes ( Fig. 4A-3) . With much lower concentrations and with an excess of xylose, localizations of the fluorescence were on the septal membranes (data not shown). ClsA ϩ9 -GFP showed similar localization (Fig. 4A-4) . The ClsA-GFP fusion produced under its own promoter was clearly localized on the septal membrane, though the intensity of the fluorescence was lower (Fig. 4C-1 and C-2) . These results indicated that the septal membrane localization of ClsA and PgsA is an intrinsic characteristic, as in the case of PssA. Thus, we conclude that all of the three enzymes responsible for the committed steps in the synthesis of PE and CL are septally localized in B. subtilis membranes. In these cases, the GFP fluorescence was not found on the cell poles and was confined to the septal regions. This localization was apparently different from that of the NAO fluorescence, which is found in the septal regions and at the poles (Fig. 2) (22) .
In sporulating cells, CL-rich and PE-rich domains were observed in the polar septa and on the engulfment and forespore membranes. In these cells, GFP fusion of PssA produced under the natural promoter was only dimly observed in the polar septa and engulfment membranes at stages T2 and T3 (Fig.  4B-3 , B-4, and B-5) and was hardly observable at T4. GFP fusion of ClsA was not detectable in these sporulating cells (data not shown). A possible reason for the decline could be that the expression of the enzymes in the sporulation phase is much lower than that during vegetative growth. ClsA may be replaced with YwjE, another CL synthase, in sporulating cells (12, 22) .
Septal localization of other lipid synthases in B. subtilis membranes. We examined the localization of the following synthases involved in the synthesis of other lipids (Fig. 5) . The GFP fusions of enzymes examined include 1-acylglycerol-3-phosphate acyltransferase (YhdO), CDP-diacylglycerol synthase (CdsA), phosphatidylserine decarboxylase (Psd), diacylglycerol kinase (DgkA), UDP-glucose diacylglycerol glucosyltransferase (UgtP), and lysyl-PG synthase (MprF). Glycerol-3-phosphate dehydrogenase (GpsA) was included as a control enzyme. The fluorescence of GpsA-GFP was homogeneously distributed in the cytoplasm (Fig. 5B) . GpsA catalyzes the production of glycerol-3-phosphate from dihydroxyacetone-3-phosphate (36) , and the predicted sequence of GpsA has no transmembrane domain (examined with the SOSUI program [http://sosui.proteome.bio.tuat.ac.jp]). The cytoplasmic localization of GpsA thus seemed reasonable. Surprisingly, all of the fusions of the phospholipid synthases (GFP-YhdO, GFPCdsA, GFP-Psd, and GFP-MprF) were localized to the septum in a thick bright fluorescence band (Fig. 5C to F) . Since all of the fusions were functional (see Materials and Methods), the septal localization of phospholipid synthases suggests that phospholipids are synthesized mainly in the septal membranes. Localizations of diacylglycerol kinase (DgkA) and the enzyme that catalyzes the glucolipid synthesis (UgtP) were different from those of the phospholipid synthases. The florescence of DgkA, involved in the phosphorylation of diacylglycerol to reproduce phosphatidic acid, was localized not only in a septal band but also on lateral membranes (Fig. 5G) . This tendency of localization on both lateral and septal membranes was observed with various concentrations of the inducer (0.05, 0.1, and 0.5% xylose). The florescence of UgtP-GFP (Fig. 5H) and GFP-UgtP (data not shown) was localized in the septal region, and there were spots at the poles. The localization was, however, not in the typical septal band of phospholipid synthases but in the form of structures with two prominent dots in the regions facing lateral membranes. We interpret the dot-pair structures as two-dimensional projections of three-dimensional open rings that are not filled with fluorescent material. This localization may have something to do with its structure, which is predicted to be that of a cytoplasmic protein with no transmembrane segment (examined with the programs SOSUI and PSORT [http://psort.nibb.ac.jp]).
Septal localization of PE-and CL-rich domains and phospholipid synthases depends on FtsZ. The septal localization of phospholipid synthases raises the question of whether it depends on FtsZ or not. FtsZ plays a key role in the assembly of the cell division apparatus in cytokinesis. It is at the top of the hierarchy of assembly of division proteins (14) . To examine the effect of the depletion of FtsZ on the septal localization of the enzymes, we constructed the fusion strain SDB1010F (PcitMpssA-gfp Pspac-ftsZ). The cells of SDB1010F were cultivated in DSM containing 3 mM IPTG and 0.5 mM citrate. Depletion of FtsZ by removal of IPTG gave rise to filamentous cells. After 2 h of depletion, the fluorescence of PssA-GFP was dispersed on the membranes, forming randomly dispersed spots (Fig.  6A-2 and A-3) . ClsA ϩ9 -GFP of SDB1109F (Pxyl-clsA ϩ9 -gfp Pspac-ftsZ) showed a similar dispersed localization (data not shown). Cultivation of strains harboring the ftsZ1(Ts) allele at a nonpermissive temperature changes the cells to filaments without septa (3) . After incubation of the strain SDB1109T (Pxyl-clsA ϩ9 -gfp ftsZ1) at 49°C for 2 h, the fluorescence of ClsA ϩ9 -GFP was scattered in the filamentous cells (Fig. 6B-1 ). PssA-GFP showed a similar dispersed localization in the filamentous cells (data not shown). These results indicate that the septal localization of both PssA and ClsA depends on FtsZ ring formation.
In the filamentous cells of these strains (ASK510 and ts1), the fluorescence of PE was dissociated from the septal membranes and dispersed on lateral membranes (Fig. 6A-4 and B-4), forming sporadic long patches in some cases (data not shown). CL, as visualized by the fluorescence of NAO, was localized in many scattered spots over the whole membrane of the filamentous cells of strain ts1 (Fig. 6B-2 and B-3) . The distribution of the phospholipids in these filamentous cells was apparently similar to the dispersed distribution of the synthases. The distribution of the phospholipids indicates that the septal localization of PE-and CL-rich domains depends on FtsZ.
DISCUSSION
Treatment of B. subtilis cells with biotinylated Ro, the cyclic peptide probe specific for PE (13) , followed by detection with tetramethyl rhodamine-conjugated streptavidin clearly revealed the localization of PE in the septal region of membranes during vegetative growth and in the polar septum and the engulfment and forespore membranes during sporulation. The fluorescence that indicated the localization of Ro was not detectable in mutant cells lacking PE (Fig. 1) . We conclude that the localization of the fluorescence reflects localization of PE-rich domains in B. subtilis membranes. In eukaryotic cell membranes, a PE-rich domain has been previously demonstrated at the cleavage furrow of CHO-K1 cells during cytokinesis (13) . The present result is the first direct visualization of PE-rich domains in bacterial cell membranes. Similar PE-rich domains in septal regions were found in many other Bacillus species, including B. amyloliquefaciens, B. polymyxa, and B. brevis, though no such domain has been observed in E. coli membranes (Fig. 3) . Thus, PE-rich domains in the septal membranes may be a common feature in gram-positive, but not necessarily in gram-negative, bacteria having PE.
B. subtilis cells have CL-rich domains in the septal and polar membranes during vegetative growth and in the polar septum and the engulfment and forespore membranes during sporulation (22) ; therefore, B. subtilis cells have both PE-and CLrich domains in their membranes. The localization of PE-rich domains appears to coincide well with that of CL, except that polar CL-rich domains in logarithmic-growth-phase cells were not always associated with PE-rich domains (Fig. 2) . Experiments with GFP fusions to phospholipid synthases revealed that the majority of the enzymes are localized in the septal membranes; the enzymes include CL synthase and its upstream enzymes in the biosynthetic pathway and phosphatidylserine synthase, which is responsible for PE synthesis. These results suggest that both PE and CL are produced mostly in the septal membranes.
The septal localization of PE-and CL-rich domains suggests that the septal membranes have reduced contents of other phospholipids, PG and lysyl-PG, and glucolipids, if the septal membranes are not reduced in protein content. Lateral membranes may have lipid domains with less PE and CL and that are enriched with the other phospholipids and glucolipids. How are the PE-and CL-rich domains generated in the septal region of B. subtilis membranes? Since the enzymes, phosphatidylserine synthase and decarboxylase and CL synthase, responsible for the synthesis of these lipids are localized in septal regions, the septal localization of PE and CL is apparently reasonable. However, the majority of the phospholipid synthases are localized in the septal region. This implies that most of the phospholipids are synthesized mainly at the septal region in the B. subtilis membranes. The rate of lateral diffusion of phospholipid molecules in bilayer preparations from E. coli has been determined to be ca. 0.5 ϫ 10 Ϫ8 cm 2 /s (20) . A similar diffusion coefficient (1.1 ϫ 10 Ϫ8 cm 2 /s at 37°C) was observed in the plasma membrane of soybean protoplasts (32) . Assuming that the rate of diffusion of lipid molecules is similar in B. subtilis membranes, the time it would take a phospholipid molecule produced at the septal membranes to diffuse into lateral membranes would be less than a minute. Thus, a mech-anism(s) that prevents diffusion of PE and CL molecules into lateral membranes or keeps them in the septal membranes will be required.
With our present knowledge, we can hardly envisage the means that may generate septal domains enriched with a particular phospholipid, since B. subtilis membranes have no compartmentalization that could separate lateral and septal regions of the membranes. However, we may imagine the following possibilities. One is that if B. subtilis cells have a PEor CL-specific lipase, like the CL-specific phosphodiesterase (5) previously reported for E. coli, and if it is localized on lateral membrane, it may have a role in the prevention of diffusion of the phospholipids by decomposition of diffused phospholipids. Another mechanism may include a raft-like structure or a lipid microdomain (37, 52 ) that contains proteins with an affinity for PE or CL. MurG, a peripheral membrane protein, of E. coli interacts preferentially with CL, and its overexpression results in formation at the poles of vesicles enriched with CL (58) . Proteins, such as PssA, DnaA, SecA, and FtsY, with an affinity for acidic phospholipids, including CL and PG, are increasingly reported for E. coli (10, 27, 31, 61) . In addition, there are growing numbers of examples of proteins for which specific intracellular or polar localizations are essential for proper function and regulation (25, 28) . It may, therefore, be possible that certain septal membrane proteins and proteins responsible for cell division and lipid synthesis have a role in coclustering of such lipids to generate a microdomain, which may be similar to that suggested by Norris et al. (41) . MinD, which localizes in the form of a horseshoe on the membranes at the poles of E. coli cells, may be a candidate, since MinD binds with its C-terminal amphiphilic ␣-helix to liposomes containing anionic phospholipids (19, 35, 54, 55) . In B. subtilis, a division site selection protein, DivIVA, which accumulates at the poles independent of FtsZ (17, 18, 57) , may also be a candidate. It should be noted that UgtP, which is responsible for glucolipid synthesis, is localized in the form of a two-dot structure that is thickest in the lateral vicinity of the septal face (Fig. 5) , different from the phospholipid synthases, which form a sharp band on the septal face. UgtP is probably not an integral membrane protein, since it has no membranespanning region, in contrast to phospholipid synthases, which have several membrane-spanning regions. This property of UgtP may have some relation to the difference in its pattern of localization.
The localization of PE usually coincided with that of CL (Fig. 2) , except that the polar CL localization observed in logarithmic-growth-phase cells was not always associated with PE. PE-rich domains were found also in the polar septa and on the engulfment and forespore membranes in the sporulating cells. The localization of PE in sporulation-phase cells seems to coincide with that of CL. What is the role of the PE-and CL-rich domains in these membranes? The biological significance of the PE-rich domains has not been clarified for B. subtilis cells, since the mutant cells lacking PE have no obvious growth phenotype (30) , though the significance in sporulation of CL has been illustrated with a mutant lacking CL which -GFP (B-1) was observed as described in Materials and Methods. The filamentous cells of the ts1 strain harvested at 1 h (B-2) and at 2 h (B-3) after the temperature shift were subjected to the process for visualization of CL. For visualization of PE (B-4), the filamentous cells harvested at 2 h after the temperature increase were processed as described in Materials and Methods.
shows retarded emergence of the polar septal and engulfment membranes that is accompanied by a low frequency of heatresistant spores (22) . Development of the sporulation-specific membranes, polar septal, engulfment, and forespore membranes, may have a polar head structure-specific requirement for CL. Both the PE-and CL-rich domains may contribute to the formation of a nonbilayer structure, which is thought to be required for the formation of division septa and the progression of engulfment, since PE and CL in the presence of certain divalent cations facilitate a dynamic phase shift, causing formation of nonbilayer structures under physiological conditions (10) .
What, then, is the reason for the septal localization of the majority of the lipid synthases? The specific localization implies that most of the phospholipids are synthesized there. At the initial stage of cell division, the small radius of curvature of the developing division site, on the leading edge, requires a lipid with a small head group and large acyl chains, such as PE and CL, in concave regions of the outer monolayers. However, as invagination proceeds to decrease the diameter of the FtsZ ring, the constraints become dominated by the convex nature of the monolayer (40) . In the inner monolayers of the bilayer membranes, requirements for the nature of the lipids are opposite. The constraints on the nature of lipids in a particular site in a monolayer in the division site change during the division process, and cells are therefore faced with the problem of ensuring the supply of appropriate lipids at the division site (40) . The septally localized phospholipid synthases could meet this need by serving lipids with the appropriate nature at proper times and locations during the division process. This may be the major reason for the septal localization of the majority of the phospholipid synthases.
The last subject to be discussed is the mechanism for the localization of phospholipid synthases. The FtsZ depletion experiments indicated that the localization of these enzymes depended on FtsZ and excluded the possibility of localization at preseptal sites. Thus, the localization probably follows or is associated with the assembly of cell division proteins to execute concerted synthesis of phospholipids with that of peptidoglycan at the leading edge of the invaginating membranes. Twohybrid analysis of the lipid synthases with cell division proteins and other envelope proteins will visualize possible interaction with them. The lipid synthases should have a specific region or regions that are responsible for the septal localization. Elucidation of the regions responsible for the septal localization by dissection of these enzymes would greatly help our understanding of the mechanism of the septal localization.
